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In some parts of native tissues, the orientation of cells and/or extracellular matrixes is well organized. We
know that because anisotropy produces important tissue functions, an appropriate anisotropy needs to
be designed to biomimetically construct complex tissue. Here, we show the unique features of aniso-
tropic myoblast sheets for organizing the three-dimensional (3D) orientation of myoblasts and myotubes.
Utilizing a micropatterned thermoresponsive surface, human skeletal muscle myoblasts were aligned on
the surface, and manipulated as a single anisotropic cell sheet by reducing the culture temperature.
Consequently, layering of anisotropic myoblast sheets using gelatin gel allowed 3D myotube constructs to
be built up with the desired anisotropy. We also discovered a surprising myoblast behavior. An aniso-
tropic cell sheet placed on top of other cell sheets in fabricating thick tissue was able to change the cell
orientation in several layered cell sheets underneath. This self-organization is believed to provide the
uniqueness required in designing 3D cell orientation architecture for reconstructed muscle tissue.
 2013 The authors. Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
Some parts of native tissues have the well-organized orien-
tations of cells and/or extracellular matrixes (ECM) [1e3]. The
well-aligned orientation of muscle tissue is a known key factor
for producing mechanical functions in native skeletal muscle
which has a highly organized structure consisting of parallel
bundles of muscle ﬁbers. Early in the development of mature
skeletal muscle, myoblasts, precursor muscle cells fuse to form
myotubes, and the newly formed myotubes orient themselves
parallel to each other before ﬁnally maturing to muscle ﬁbers. As
a result, regulating myoblast alignment has been an important
step to construct biomimetic muscle tissue. To date, numerous
microfabricated materials have been developed for regulating
myoblast alignment [4e8]. In the tissue engineering ﬁeld, how-
ever, it has not been successful because the aligned cells are
basically impossible to separate from these microfabricated1; fax: þ81 3 3359 6046.
no).
Ltd. Open access under CC BY license.surfaces. This indissociable relationship has hampered the design
of three-dimensional (3D) oriented myoblast and myotube
structures.
Tissue-like cellular monolayers, called “cell sheets”, have been
developed to establish a new class of tissue reconstruction tech-
nology. A thermoresponsive polymer, poly(N-isopropylacrylamide)
(PIPAAm), grafted on a cell culture substrate allows conﬂuent cells
to be harvested intact as a single cell sheet by reducing the culture
temperature below the PIPAAm’s lower critical solution tempera-
ture (LCST) of 32 C [9,10]. Since a cell sheet can be harvested
with its associated ECM intact, it can be transplanted onto damaged
tissues without any additional treatments such suturing [11,12].
Based on this technology, human epithelial cell sheets have
already been applied in human clinical studies (e.g., cornea
reconstruction), and myoblast sheets have been implanted to treat
severe heart failure [13,14]. Moreover, this cell sheet-based tissue
engineering allows us to create scaffold-free 3D tissues by layering
multiple cell sheets [15,16]. Layered cell sheets stratify tightly
because of the preserved ECM on individual cell sheets, and can
communicate with each other both physically and biologically
[17,18]. In this study, myoblast sheets with well-aligned orientation
were fabricated to create 3D oriented myoblast and myotube
constructs.
Fig. 1. Alignment of human skeletal muscle myoblasts on patterned and non-patterned thermoresponsive cell culture substrates. In schematic illustrations, hydrophilic PAcMo seg-
ments and thermoresponsive PIPAAm brushes are shown as the blue and orange brushes, respectively. Microscopic images show adhesion of myoblasts at Day 1 and Day 3 after cell
seeding onto thermoresponsive surfaces. Scale bar: 100 mm. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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2.1. Preparation of micropatterned thermoresponsive surfaces
The original procedures for the preparation of micropatterned thermores-
ponsive surfaces have been reported previously [19]. Brieﬂy, PIPAAm brushes wereFig. 2. Thermally-induced detachment and transfer of an anisotropic myoblast sheet. (a) T
culture temperature (20 C). In a photograph, the cell sheet shows a unique shrinking that or
(b) A myoblast sheet attached to gelatin gel was harvested from the surface and transferr
maintains its anisotropic orientation even after 3 weeks post transfer. A ﬂuorescence image
of the references to color in this ﬁgure legend, the reader is referred to the web version offabricated on glass substrates by a surface-initiated reversible addition-
fragmentation chain transfer radical (RAFT) polymerization process [20], and then
positive photoresist (OFPR-800 LB, 34 cp) (Tokyo Ohka Kogyo, Kanagawa, Japan) was
spin-coated at 8000 rpm for 30 s by a spin coater ACT-300D (ACTIVE, Saitama, Japan)
onto the PIPAAmbrush surfaces. After being irradiated by UV light with a photomask
(stripe width: 50 mm/50 mm), the photoresist at the irradiated areas was removedhe aligned myoblasts were harvested as an anisotropic cell sheet simply by reducing
iginated from the cell alignment (the original size of adherent cell sheet: 20  20 mm).
ed onto a normal TCPS dish. Microscopic images show that the transferred cell sheet
shows that actin ﬁbers (red) and nuclei (blue) are also well-aligned. (For interpretation
this article.)
Fig. 3. Myotube formation in myoblast sheets transferred onto normal cell culture
dishes. A myoblast sheet was transferred from a non-patterned (a, c) or micro-
patterned (b, d, e) surface, and then incubated on a TCPS dish in (a, b) myoblast growth
media or (cee) differentiation media for 5 days. Scale bar: (aed) 500 mm, (e) 100 mm.
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tion) (NMD-3) (Tokyo Ohka Kogyo, Tokyo, Japan), and the exposed “living” terminal
dithiobenzoate (DTB) groups of PIPAAm brushes were converted to maleimide
groups to prevent further polymerization. After the residual photoresist was
removed with acetone, hydrophilic polymer poly(N-acryloylmorpholine) (PAcMo)
was polymerized spatio-selectively on the DTB-terminated PIPAAm brush regions,
resulting in the micropatterns composted of PAcMo-b-PIPAAm block polymer brush
and PIPAAm brush regions (50 mm/50 mm stripes).
2.2. Cell culture
Human skeletal muscle myoblasts were cultured in skeletal muscle myoblast
growth medium (SkGM-2) on tissue culture polystyrene (TCPS) dishes at 5% CO2,
37 C. The PIPAAm-grafted glass substrates (20  20 mm) were placed on TCPS
dishes (35 mm in diameter), and myoblasts (passage: <5) were seeded onto the
patterned or non-patterned polymer brush surfaces at a density of 5104 cells/cm2.
Until reaching conﬂuency, adherent cells were incubated at 5% CO2, 37 C and
observed microscopically. Phase contrast microscopic observations were carried out
with amicroscope ECLIPSE TE2000-U (Nikon, Tokyo, Japan). Myotube formationwas
achieved by culturing myoblasts in differentiation media (DMEM/F12 1:1 supple-
mented with 2% horse serum), and the media was replaced every other day for 5
days. All reagents for cell culture were obtained from Lonza (Walkersville, MD, USA).
2.3. Manipulation and layering of cell sheets
First, a gelatin gel was placed on a myoblast monolayer adhering on a ther-
moresponsive surface, and they were incubated together for 30 min at 28 C to
allow the gelatin gel to attach to the cell sheet [21]. They were then incubated for
30 min at 20 C to release the cell sheet from the surface. Next, the manipulator
with the cell sheet was transferred onto a new TCPS dish and further incubated
for 30 min at 28 C to allow the transferred cell sheet to adhere onto the new
culture dish. Finally, the incubate temperature was raised to 37 C to melt the
gelatin gel. For cell sheet layering, a second harvested cell sheet was simply
transferred onto another cell sheet. Two-layered cell sheets were incubated at
28 C for 30 min to allow the two cell sheets to adhere to each other, and then
they were harvested together by lowering the culture temperature (20 C). After
being transferred onto a new TCPS dish or glass substrate, they were further
incubated at 28 C for 30 min, and the gelatin gel was melted by incubating at
37 C for 30 min.
To observe the sequential changes in cell orientation after cell sheet layering, the
myoblasts in the bottom cell sheet were stained with CellTracker Green (Invi-
trogen, Carlsbad, CA, USA). Myoblast sheets adhering to the patterned or non-
patterned surfaces were incubated in serum-free medium containing dye (ﬁnal
concentration: 3 mM) for 15 min. After replacement with fresh serum-containing
medium, cell sheets stained or unstained with CellTracker Orange (Invitrogen)
were layered on the treated cell sheet in the same manner as described above. In all
cases, anisotropic myoblast sheets were placed on the top of the multilayered cell
sheet construct.
2.4. Immunoﬂuorescent staining
Conﬂuent cells were ﬁxed with 4% paraformaldehyde in phosphate buffered
saline (PBS) for 15 min at 37 C and were permeabilized with 0.5% Triton X-100 in
PBS for 5 min at room temperature (RT) [19]. The ﬁxed cells were blocked with 2%
bovine serum albumin (BSA) in PBS for 30 min at RT. After being washed with PBS
three times, the cells were incubated with AlexaFluor568-conjugated phalloidin
(Invitrogen) (a dilution of 1:200 in BSA-PBS) for 1 h at RT. For myosin heavy chain
(MHC) staining, cells were treated with ﬂuorescein-conjugated mouse anti-human
MHC antibody (1:50) (R&D Systems, Minneapolis, MN, USA) for 1 h at RT [5,7]. To
observe ﬁbronectin, cell sheets were treated with anti-ﬁbronectin antibody (Abcam,
Cambridge, MA, USA) and then a secondary antibody labeled with AlexaFluor488
(Invitrogen). Fluorescently stained cells were imaged by a confocal laser scanning
microscope (LSM510; Oberkochen, Carl Zeiss Oberkochen, Germany).
To assess the alignment, length, and diameter of myotubes, immunoﬂuores-
cent images of MHC-positive myotubes were taken under three representative
ﬁelds with 40 and 200 magniﬁcations, and all data was expressed as mean þ/
standard deviation (n ¼ 5) [5,7]. For myotube orientation, the value of 0 denoted
parallel alignment from the axis of the stripe patterns and 90 represented
perpendicular alignment. Statistical signiﬁcance was calculated by the Student’s
t-test.
3. Results
3.1. Fabrication and manipulation of anisotropic myoblast sheets
To control myoblast orientation, hydrophilic polymers
(PAcMo) were grafted spatio-selectively on a thermoresponsivePIPAAm brush surface using a conventional photolithographic
technique. As a result, stripe patterns (50 mm) of two different
polymer regions were fabricated on the surface (“Patterned” in
Fig. 1). Human skeletal muscle myoblasts were aligned on the
micropatterned surfaces by one-pot cell seeding. The cells
recognized the difference in cell afﬁnity between the two
different regions, and consequently spread in the same direction
as the stripe patterns of the PIPAAm and PIPAAm-b-PAcMo
brushes [19,21]. Moreover, the aligned myoblasts reached
conﬂuence while maintaining their cell alignment (at Day 3).
Thermoresponsive alternation of the PIPAAm-grafted surface
induced the release of the aligned myoblasts as a single cell
sheet by a reduction in temperature (Fig. 2a). Typically, after
thermally-induced detachment, normal (isotropic) cell sheets
shrink in size while maintaining their original shape. Interest-
ingly in this study, cell sheets showed a distinctive shrinkage
(the original size: 20  20 mm) (photograph in Fig. 2a). While this
indicates that these myoblast sheets are anisotropic, the cell
orientation was unable to be maintained after the shrinkage.
H. Takahashi et al. / Biomaterials 34 (2013) 7372e7380 7375A gelatin gel-coated plunger placed onto a cell sheet can be used
to harvest and transfer cell sheets without changing the original
size. The transferred myoblasts remained well-aligned even on a
normal cell culture dish (TCPS dish) for at least 3 weeks after
transferring (Fig. 2b).3.2. Aligned myotube formation on normal cell culture substrates
A myoblast sheet was transferred onto a normal cell culture
dish using a gelatin gel-coated plunger, and further incubated in
myoblast growth media or differentiation media at 37 C onto the
dish. Anisotropic myoblast sheets maintained their aligned cell
orientation even on normal (non-patterned) cell culture sub-
strates after transferring. After 5 days of culturing in growth
media, cell morphologies and orientations showed no remark-
able change microscopically (Fig. 3a, b), compared with that of a
cell sheet before transferring. To initiate differentiation into
myotubes, on the other hand, transferred myoblast sheets were
cultured in differentiation media. Although no difference in cell
orientation was observed, their morphologies were clearly
changed microscopically by culturing in differentiation media
(Fig. 3cee). To conﬁrm the differentiation biologically, the MHC
was stained, and the treated cells were observed with a ﬂuo-
rescence microscope (Fig. 4a). As evidenced by the MHC-positive
myotubes [5,7], aligned myoblasts differentiated efﬁciently into
myotubes, and they also remained well-aligned on a normal
culture dish (Fig. 4b). While the diameter of the myotubes wasFig. 4. Aligned myotube formation on normal cell culture dishes by transferring anisotro
after cell sheet-transfer from patterned (Aligned) and non-patterned thermoresponsive
tiation media for 5 days, and myosin heavy chains were stained with ﬂuorescein (green)
from patterned (Aligned) and non-patterned surfaces (Random) (n ¼ 5). (c, d) Diamete
(Random) and aligned myoblasts (Aligned) (**p < 0.01) (n ¼ 5). (For interpretation of the
this article.)not signiﬁcantly different between the aligned (Aligned) and the
randomly oriented myoblast (Random) groups (Fig. 4c), the
length of the myotubes increased remarkably by regulating the
myoblast alignment (Fig. 4d).3.3. Cell sheet-control of the self-organization of 3D myoblast
orientation
Utilizing a gelatin gel-coated plunger, a myoblast sheet with
random orientation (Random sheet) and an anisotropic
myoblast sheet with aligned orientation (Aligned sheet) were
layered. When layered with an Aligned sheet, randomly ori-
ented myoblasts changed their orientation, and ﬁnally aligned
themselves with the layered Aligned sheet, regardless of
whether it was the top or bottom cell sheet (Fig. 5; top and
middle rows). Consequently, myoblasts in two-layered myoblast
sheets were all aligned in the same direction as the anisotropic
cell sheet. Next, two anisotropic myoblast sheets were layered
perpendicularly. Interestingly, myoblast orientation in the bot-
tom sheet changed according to the anisotropy of the top sheet
(Fig. 5; bottom row). To observe this behavior sequentially, only
the bottom cell sheet was stained ﬂuorescently (green), and
then an unstained anisotropic cell sheet was layered perpen-
dicularly onto the stained cell sheet. This behavior actually
occurred rapidly, within approximately 24 h: about half of the
bottom cells had rearranged their orientation at 12 h post-
layering (Fig. 6a, b). In addition, in self-organized two-layeredpic myoblast sheets. (a) Confocal microscopic images of myotubes on TCPS surfaces
surfaces (Random). After transferring, myoblast sheets were incubated in differen-
. Scale bar: 200 mm. (b) Distribution of myotube alignment in cell sheets transferred
r and length of myotubes in cell sheets composed of randomly oriented myoblasts
references to color in this ﬁgure legend, the reader is referred to the web version of
Fig. 5. Confocal microscopic images of two-layered myoblast sheets composed of
randomly oriented and aligned myoblasts. Two myoblast sheets prepared on non-
patterned (Random) or patterned surfaces (Aligned) were layered using a gelatin
gel-coated plunger, and incubated for 7 days. Two anisotropic myoblast sheets were
layered perpendicularly (bottom law). Actin ﬁbers were stained with AlexaFluor568
(red) just after cell sheet-layering or at Day 7 after layering. Scale bar: 100 mm. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
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inseparable as shown in Fig. 6c. The Kino-oka group has
already reported that myoblasts can migrate vertically within
multilayered myoblast sheets [18]. This migration behavior was
also observed in this study, simultaneously with the self-
organization. Fluorescent staining of ﬁbronectin revealed that
not only the cells themselves, but also the associated ECM was
aligned in the same direction as the cell alignment in aniso-
tropic myoblast sheet (“1 layer” in Fig. 6d). The aligned ﬁbro-
nectin was closely related to the change in myoblast orientation,
and the ﬁbronectin of a bottom cell sheet was also rearranged
by layering with an anisotropic cell sheet while changing cell
orientation in the two-layered cell sheets (at 24 h after layering
in Fig. 6d).3.4. Cell sheet-control of orientation change in multilayered
myoblast sheets
This self-organization behavior was also observed in several
layered myoblast sheets. For example, three Random sheets were
placed onto one stained (green) Random sheet, and then an Aligned
sheet was layered on top of the four layered Random sheets. Even
though three cell sheets were between the top Aligned sheet and
the bottom Random sheet, most of the cells within the bottom
sheet self-organized their orientation to align with the top sheet
(Fig. 7b). Compared with two-layered cell sheets (Fig. 7a), the
addition of three Random sheets delayed the orientation change in
the bottom sheet, where some cells were still randomly oriented at
24 h post-layering. Moreover, a few cells were still randomly ori-
ented even at 48 h after layering (Fig. 7b). This indicated that the
top cell sheet was unable to organize the orientation of all the
myoblasts in all four layered Random sheets. When ﬁve myoblast
sheets were layered underneath one anisotropic myoblast sheet,
this limitation was even more remarkably observed where almost
all myoblasts of the bottom cell sheet maintained their random
orientation at Day 3 after layering (Fig. 7c). A high-magniﬁcation
image (200) showed that only a few aligned cells migrated
vertically from the bottom layer. Taken together, these results show
that the anisotropy of the top layer inﬂuenced the alignment of
multiple cell sheets; however, this cell sheet-control is limited to no
more than four layered cell sheets.3.5. Cell sheet-based design of aligned myotube formations though
the self-organization process
The self-organization behavior found in this study was useful to
produce a well-aligned myotube construct composed of multiple
cell sheets. When layered onto two Random sheets, one Aligned
sheet changed myoblast orientation underneath, and ﬁnally all
myoblasts were well aligned in triple-layered cell sheets. After
culturing the multilayered cell sheets in differentiation media, a
ﬂuorescence image showed that the myotube construct has a single
myotube orientation (Fig. 8). That is, only one anisotropic myoblast
sheet was essential to produce an aligned myotube construct from
multiple cell sheets.
This self-organization behavior also allowed the creation of
unique myotube formations. When two anisotropic sheets were
partly layered as shown in Fig. 9a, the cell orientation of the bottom
sheet changed to align with the top sheet, but only in the region
where it was in contact with the top sheet. 3D confocal imaging
revealed that actin ﬁbers of the two-layered cell sheets were
aligned in two different directions (Fig. 9a). As a result, by culturing
this myoblast construct in differentiation media, a myotube
construct with two-dimensionally different alignments was able to
be created (Fig. 9b). On the other hand, 3D perpendicularly orien-
tated myotube formation was also creatable by layering of two
anisotropic myoblast sheets. Myotube formation was initiated ﬁrst,
and then the aligned myotube constructs were layered perpen-
dicularly using the cell sheet layering process. Since the myotube
orientation was maintained as designed, vertically different
orientation was able to be produced simply by layering anisotropic
cell sheets (Fig. 9c).
4. Discussion
The anisotropic myoblast sheets have shown here that they
are useful to construct well-organized myotube formations. Un-
like myoblasts aligned on conventionally microfabricated sub-
strates, aligned myoblasts can be manipulated as a single
Fig. 6. Cell sheet-control of the self-organization of myoblast orientation in two-layered cell sheets. (a) Fluorescence images of anisotropic bottom cell sheets at 0, 6, 12, and 18 h
post-layering. An unstained anisotropic cell sheet was layered perpendicularly onto a ﬂuorescently stained cell sheet (CellTracker Green). (b) Rearrangement proﬁle of aligned
myoblasts covered perpendicularly with a second anisotropic cell sheet (n ¼ 5). [Top] and [Bottom] indicate that the numbers of myoblasts aligned with the anisotropy of the top
and bottom sheet, respectively. (c) Fluorescence image of two-layered myoblast sheets stained with CellTracker Green and CellTracker Orange (red for the top cell sheet and
green for the bottom cell sheet). Two anisotropic myoblast sheets were layered perpendicularly and imaged at 24 h post-layering. (d) Confocal microscopic images of ﬁbronectin
associated with anisotropic cell sheets. Two anisotropic myoblast sheets were layered perpendicularly (“2 layers”), and stained ﬂuorescently (green) at 0 h or 24 h after layering.
Scale bar: 100 mm. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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induced detachment. The transferable anisotropy allows us to
produce an oriented structure of myotubes three-dimensionally
through cell sheet layering process. In this scaffold-free 3D tis-
sue construct, since cell sheets can only be layered with their
associated ECM, myoblasts are in contact with each other both
physically and biologically. For example, two cardiomyocyte
sheets synchronized their beatings after layering [17]. In our
study, this cell-dense architecture enabled to induce the cell
sheet-control of the self-organization behavior. In the previous
study, even if anisotropic ﬁbroblast sheets were layered
perpendicularly, this behavior was not found in multilayered
ﬁbroblast sheets [21]. Skeletal muscle myoblasts are capable of
organizing into an aligned structure in native muscle tissues. This
native myoblast characteristic is probably a key factor in their
ability to align the 3D orientation in multilayered cell sheets. As
another unique property of myoblasts, Kino-oka et al. have
investigated that they can migrate vertically within multilayeredcell sheets [18]. This migration was also observed in this study
(Fig. 6c), and might be responsible for promoting the cell sheet-
control of the orientation change.
The most interestingly and even surprising result, was that
in every case the top anisotropic cell sheet determined the orien-
tation of the bottom cells, even if the bottom sheet was
also anisotropic (Figs. 5 and 6). The mechanism of the self-
organization has not yet been elucidated; however, it is possible
that several biological factors inﬂuence with each other compli-
catedly for oriented structure formation in layered cell sheets, as in
the development of muscle tissue. Some factors regulating
myoblast alignment in native muscle tissues such as N-cadherin
binding and ﬁbronectin-integrin interaction are expected to play
important roles in this self-organization process [22,23]. Since the
ECM microenvironment is connected to the intercellular actin
cytoskeleton via transmembrane proteins, cell orientation is criti-
cally inﬂuenced and controlled by the ECM around the cells [24,25].
Considering that aligned ECM of the top cell sheet directly contacts
Fig. 7. Cell sheet-control of orientation change in multilayered myoblast sheets. The bottom cell sheets were stained with CellTracker Green. Scale bar: 100 mm. (a) An Aligned
sheet was layered onto a ﬂuorescently stained Random sheet. (b) Three Random sheets were layered onto a ﬂuorescently stained Random sheet, and then an Aligned sheet was
placed on top of the four layered Random sheets. At 48 h post-layering, some cells are still randomly oriented (indicated by white arrows). (c) Four Random sheets are sandwiched
between an Aligned sheet (top) and a ﬂuorescently stained Random sheet (bottom). Only a few stained cells migrated vertically and are aligned with the anisotropy of the top cell
sheet (indicated by white arrows). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
H. Takahashi et al. / Biomaterials 34 (2013) 7372e73807378the upper surface of the cell sheet immediately below it, perhaps
the presence of the aligned ECM over a cell sheet triggers the
change in orientation. In this study, myoblasts in the bottom layer
covered by an anisotropic ECM layer is a very likely biomimetic 3DFig. 8. Formation of aligned myotube constructs though the self-organization process. One A
for 2 days (Aligned/Random/Random). As a control group, three Random sheets were laye
constructs were cultured in differentiation media for 5 days, and then myosin heavy chain
interpretation of the references to color in this ﬁgure legend, the reader is referred to themicroenvironment. Since muscle ﬁbers are natively oriented
through the self-organization of myoblasts, the orientation change
of myoblasts found in this study probably occurred though a bio-
logical process mimicking the native myoblast behavior.ligned sheet was layered onto two Random sheets, and then incubated in growth media
red together (Random/Random/Random). Both of these triple-layered myoblast sheet
(MHC)-positive myotubes were stained ﬂuorescently (green). Scale bar: 200 mm. (For
web version of this article.)
Fig. 9. Cell sheet-based design of 2D and 3D oriented myotube structures. (a) An anisotropic cell sheet is layered only on half the area of another anisotropic myoblast sheet. At 24 h
post-layering, actin ﬁbers were stained with AlexaFluor568 (red). (b) The layered myoblast sheets were further cultured in differentiation media for 5 days, and then myosin heavy
chain (MHC)-positive myotubes were stained ﬂuorescently (green). (c) Two anisotropic cell sheets were ﬁrst cultured in differentiation media individually. After 5 days of culturing,
the two differentiated cell sheets were layered perpendicularly through the cell sheet layering process. Scale bar: 200 mm. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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tions are produced byorganizing 3D anisotropy. For example, native
myocardial tissue is organized three-dimensionally by stacking
sheet-like tissues of aligned cardiomyocytes that are oriented in
various directions throughout the whole tissue [26e29]. To
construct many kinds of complex tissues, the cell/ECM orientation
needs to be regulated three-dimensionally as found in native tissues
of the body [30]. Here we were able to produce a variety of 3D
anisotropy in myotube constructs. When cell sheets were layered
after initiatingmyotube formation, for example, 3D perpendicularly
orientatedmyotube constructswereproduced (Fig. 9c),whichoffers
the potential to design many other 3D oriented muscle tissues.
Simply put, through layering of anisotropic myoblast sheets (“layer-
by-layer” and/or “side-by-side”), a myotube architecture can be
ﬂexibly constructed. Scaffold-based 3D tissue construction has been
reported by a number of groups, whereas only the cell-dense tissue
constructs show the uniqueness of tissue orientation controlled by
anisotropic myoblast sheets and the usefulness of the cell sheet
layering technique for the creation of biomimetic muscle tissues.
Currently the ability to create thick tissues is a major challenge
in the tissue engineering ﬁeld. Cell sheet layering process has a
potential to fabricate thick tissue constructs [15,16]. To create thick
tissues with well-organized orientation, however, the direction of
cell alignment in each anisotropic cell sheet need to be adjusted
precisely through the cell sheet layering process. In this study, the
anisotropy of the top cell layer inﬂuenced the alignment of multiplecell sheets, resulting in formation of a single cell orientation in
multilayered cell sheets. Since the top anisotropic myoblast sheet
controlled the orientation of myoblasts in several layer cell sheets
(Fig. 7), thick muscle tissues with the biomimetic bundle archi-
tecture can be designed by just one Aligned sheet and adding
multiple Random sheets (Fig. 8). Importantly, through the self-
organization, adjusting the alignment of multiple anisotropic cell
sheets is unnecessary to produce thick tissue constructs with a
single cell orientation. This feature may be similar to self-
organization process in natively oriented muscle tissues. On the
other hand, this cell sheet-control is limited to no more than four
layered cell sheets. In general, thick tissues require vascularization
to efﬁciently supply oxygen, nutrients, and remove waste [31,32].
Since vascularization is also necessary for multilayered cell sheets
to survive long-term, perhaps the limitation in the number of layers
that can self-organize is due to hypoxia. To overcome the recog-
nized limitations, our group has recently fabricated vascularized
cell sheet constructs using a bioreactor system [33,34]. This newly
developed technique avoids necrotic complications and reliably
nourishes the thicker cell sheets that would be unable to survive in
diffusion-limited transport culture conditions. Therefore, in the
near future, the combined use of these tissue fabrication techniques
is believed to allow self-organized muscle tissues to be scaled
up. In addition, the 3D thick tissue construct has potentials to
produce biological and mechanical advantages through the self-
organization.
H. Takahashi et al. / Biomaterials 34 (2013) 7372e738073805. Conclusions
In summary, we have reported a strategy with the use of aniso-
tropic myoblast sheets for controlling the orientation of muscle
tissue. Utilizing a gelatin gel-coated plunger, anisotropic ell sheets
were able to be transferred onto desired sites. Unlike conventional
techniques, this allowed us to control three-dimensionally the cell
orientation for biomimetic tissue regeneration. In the multilayered
myoblast sheets, the surprising self-organization behavior was
found as an original property of myoblasts. Since all myoblasts were
aligned with the top anisotropic sheet, 3D anisotropy in the self-
organized tissue constructs can be ﬂexibly designed by simply
layering multiple cell sheets. The scaffold-free cell architecture is
essential to achieve this unique tissue engineering required for
future regenerative medicine. This cell sheet-based technology
provides potential for constructing complex tissues composed of
natively-oriented cell assemblies, particularly for skeletal muscle
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